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Abstract
In contrast to the common wisdom, we discover that, instead of the exponential fall-off of the
form factors with Regge-pole structure, the high energy scattering amplitudes of string scattered
from Domain-wall behave as power-law with Regge-pole structure. This is to be compared with the
well-known power-law form factors without Regge-pole structure of the D-instanton scatterings.
This discovery makes Domain-wall scatterings an unique example of a hybrid of string and field
theory scatterings. The calculation is done for bosonic string scatterings of arbitrary massive
string states from D24-brane. Moreover, we discover that the usual linear relations of high-energy
string scattering amplitudes at each fixed mass level break down for the Domain-wall scatterings.
This result gives a strong evidence that the existence of the infinite linear relations, or stringy
symmetries, of high-energy string scattering amplitudes is responsible for the softer, exponential
fall-off high energy string scatterings than the power-law field theory scatterings.
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In contrast to the local quantum field theory, string theory is remarkable for its ultra-
violet finiteness. Being a consistent quantum theory of gravity with no free parameter, it
is conceivable that an huge symmetry gets restored at high energies. Recently high energy,
fixed angle behavior of string scattering amplitudes [1, 2, 3] was intensively reinvestigated for
massive string states at arbitrary mass levels [4, 5, 6, 7, 8, 9, 10, 11]. The motivation was to
uncover the fundamental hidden stringy spacetime symmetry conjectured by Gross in 1988.
An important new ingredient of this approach is the zero-norm states (ZNS) [12, 13, 14]
in the old covariant first quantized (OCFQ) string spectrum. One utilizes the decoupling
of ZNS in the high energy limit to obtain infinite linear relations, or stringy symmetries,
among string scattering amplitudes. Moreover, these linear relations can be used to fix the
ratios among high energy scattering amplitudes of different string states at each fixed mass
level algebraically. This explicitly shows that there is only one independent component of
high-energy scattering amplitude at each mass level. On the other hand, a saddle-point
method was developed to calculate the general formula of tree-level high-energy scattering
amplitudes of four arbitrary string states to verify the ratios calculated above. This gen-
eral formula expresses all high-energy string scattering amplitudes in terms of four tachyon
scattering amplitude as conjectured by Gross [2].
In addition to the infinite linear relations, there are two other fundamental characteristics
of high energy string scattering amplitudes, which make them very different from those of
field theory scatterings. The first one is the exponential fall-off behavior of the form factors
of string scatterings in the high-energy limit in contrast to the power-law behavior of point-
particle field theory scatterings. It is the main result of this letter that the infinite linear
relations, or stringy symmetries, among high-energy string scattering amplitudes of different
string states discussed above are responsible for this softer exponential fall-off behavior of
string scatterings than the power-law behavior of field theory scatterings. The second one
is the Regge-pole structure [11] in the high energy string scattering amplitudes due to the
infinite number of resonances in the string spectrum. In the scattering processes of string
scattered from D-brane [15, 16], it was claimed that the exponential fall-off form factors with
Regge-pole structure is a general feature of all Dp-brane scatterings except D-instanton,
which exhibits power-law form factor without Regge-pole structure, and thus resembles a
field theory amplitude instead.
In our recent work [17], we have shown that the linear relations stated above persist for the
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string/Dp-brane scatterings with p > 0. The linear relations for the D-particle scatterings
were explicitly demonstrated. All the high energy string/Dp-brane scattering amplitudes
with p > 0 behave as exponential fall-off as was claimed in Ref [15]. In this letter, in con-
trast to the common wisdom, we discover that, instead of the exponential fall-off behavior of
the form factors with Regge-pole structure, the high-energy scattering amplitudes of string
scattered from D24-brane, or Domain-wall, behave as power-law with Regge-pole structure.
This is to be compared with the well-known power-law form factors without Regge-pole
structure of the D-instanton scatterings stated above. This discovery makes Domain-wall
scatterings an unique example of a hybrid of string and field theory scatterings. Our cal-
culation will be done for bosonic string scatterings of arbitrary massive string states from
D24-brane. Moreover, we discover that the usual linear relations [17] of high energy string
scattering amplitudes at each fixed mass level breaks down for the Domain-wall scatter-
ings. This result gives a strong evidence that the existence of the infinite linear relations, or
stringy symmetries, of high energy string scattering amplitudes is responsible for the softer,
exponential fall-off high-energy string scatterings than the power-law field theory scatterings.
At a fixed mass level M2op = 2(n − 1) of 26D open bosonic string theory, it was shown
that [7, 8] a four-point function is at the leading order at high-energy limit only for states
of the following form ( we use the notation of [18])
|n, 2m, q〉 ≡ (αT−1)n−2m−2q(αL−1)2m(αL−2)q |0, k〉 . (1)
where n > 2m + 2q,m, q > 0.Note that, in the high energy limit, the scattering process
becomes a plane scattering (however, see the Domain-wall scattering in the end of this
letter). The state in Eq.(1) is arbitrarily chosen to be the second vertex of the four-point
function. The other three points can be any string states. We have defined the normalized
polarization vectors of the second string state to be [4, 5]
eP =
1
Mop
(E2, k2, 0) =
k2
Mop
, (2)
eL =
1
Mop
(k2, E2, 0), (3)
eT = (0, 0, 1) (4)
in the CM frame contained in the plane of scattering. By using the decoupling of two types
of ZNS in the high energy limit, it was shown that there exists infinite linear relations among
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string scattering amplitudes [7, 8]
T (n,2m,q) =
(
− 1
Mop
)2m+q (
1
2
)m+q
(2m− 1)!!T (n,0,0). (5)
Moreover, these linear relations can be used to fix the ratios among high energy scattering
amplitudes of different string states at each fixed mass level algebraically. Eq.(5) explicitly
shows that there is only one independent high-energy scattering amplitudes at each fixed
mass level.
We now turn to the case of D-brane scatterings. In our recent work [17], we discover
that scatterings of bosonic massive closed string states at arbitrary mass levels from D-
brane can be expressed in terms of the generalized hypergeometric function 3F2 with special
arguments, which terminates to a finite sum and, as a result, the whole scattering ampli-
tudes consistently reduce to the usual beta function. For the simple case of D-particle, we
explicitly calculated high-energy scattering amplitude of an incoming closed string tensor
state
(
αT−1
)n−2q (
αL−2
)q ⊗ (α˜T−1)n−2q′ (α˜L−2)q′ |0〉 with M2 ≡ M2closed2α′
closed
= 2(n− 1) = −k22 and an
outgoing tachyon state to be [17]
AD−Par
= A
(0→1)
D−Par + A
(1→∞)
D−Par
= 2 (−1)a0 E2n
(
− 1
2M
)q+q′
B
(
a0 + 1,
b0 + 1
2
)
= 2 (−1)a0 E2n
(
− 1
2M
)q+q′ Γ(a0 + 1)Γ( b0+12 )
Γ(a0 +
b0
2
+ 3
2
)
, (6)
where the high energy beta function B(a0 + 1,
b0+1
2
) is independent of q + q′, and a0, b0 will
be defined in Eqs.(13) and (14). Since the calculation of decoupling of high energy ZNS
without D-brane remains the same as the calculation of string scattered from D-brane, it is
a remarkable result that the ratios
(
− 1
2M
)q+q′
in Eq.(6) for different high energy scattering
amplitudes at each fixed mass level is consistent with Eq.(5) for the scattering without D-
brane as we found before [7]. One notes that the exponential fall-off behavior in energy E is
hidden in the high energy beta function. Since the arguments of Γ(a0+1) and Γ(a0+
b0
2
+ 3
2
)
in Eq.(6) are negative in the high-energy limit, one needs to use the well known formula
Γ (x) =
pi
sin (pix) Γ (1− x) (7)
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to calculate the large negative x expansion of these Γ functions, and obtain the Regge-pole
structure [11] of the amplitude.
Presumably, other similar linear relations as Eq.(6) for high energy scatterings can be
derived for Dp-brane with p ≥ 1. However, in the following, in contrast to the common
wisdom [15], we will show that, instead of the exponential fall-off of the form factors with
Regge-pole structure, the high-energy scattering amplitudes of string scattered from D24-
brane, i.e. Domain-wall, behave like power-law with Regge-pole structure. Moreover, we
discover that the expected linear relations of high-energy string scattering amplitudes at
each fixed mass level, Eq.(5) or Eq.(6), break down for the Domain-wall scatterings. We
consider an incoming tachyon closed string state with momentum k1and an angle of incidence
φ and an outgoing massive closed string state
(
αT−1
)n−2q (
αL−2
)q⊗(α˜T−1)n−2q′ (α˜L−2)q′ |0〉 with
momentum k2 and an angle of reflection θ. The kinematic setup is
eP =
1
M
(−E, k2 cos θ,−k2 sin θ) = k2
M
, (8)
eL =
1
M
(−k2, E cos θ,−E sin θ) , (9)
eT = (0, sin θ, cos θ) , (10)
k1 = (E,−k1 cosφ,−k1 sinφ) , (11)
k2 = (−E, k2 cos θ,−k2 sin θ) . (12)
In the high energy limit, the angle of incidence φ is identified to the angle of reflection θ,
and eP approaches eL, k1, k2 ≃ E. For the case of Domain-wall scattering Diag Dµν =
(−1, 1,−1), and we have
a0 ≡ k1 ·D · k1 ∼ −2E2 sin2 φ− 2M21 cos2 φ+M21 , (13)
b0 ≡ 2k1 · k2 + 1
∼ 4E2 sin2 φ+ 4M21 cos2 φ−
(
M21 +M
2
)
+ 1, (14)
The scattering amplitude can be calculated to be
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AD−Wall = (−1)q+q
′
∫
d2z1d
2z2 (z1 − z¯1)k1·D·k1 (z2 − z¯2)k2·D·k2 |z1 − z2|2k1·k2 |z1 − z¯2|2k1·D·k2
·
[
ieT · k1
z1 − z2 +
ieT ·D · k1
z¯1 − z2 +
ieT ·D · k2
z¯2 − z2
]n−2q
·
[
ieT ·D · k1
z1 − z¯2 +
ieT · k1
z¯1 − z¯2 +
ieT ·D · k2
z2 − z¯2
]n−2q′
·
[
eL · k1
(z1 − z2)2
+
eL ·D · k1
(z¯1 − z2)2
+
eL ·D · k2
(z¯2 − z2)2
]q [
eL ·D · k1
(z1 − z¯2)2
+
eL · k1
(z¯1 − z¯2)2
+
eL ·D · k2
(z2 − z¯2)2
]q′
.
(15)
Set z1 = iy and z2 = i to fix the SL(2, R) gauge, and include the Jacobian d
2z1d
2z2 →
4 (1− y2) dy, we have, for the (0→ 1) channel,
A
(0→1)
D−Wall
≃ 4 (2i)k1·D·k1+k2·D·k2
(
E sin 2φ
2
)2n(
1
2M cos2 φ
)q+q′
·
q+q′∑
i=0
(
q + q′
i
)
2i
∫ 1
0
dy yk2·D·k2 (1− y)2k1·k2+1
· (1 + y)2k1·D·k2+1
[
1 + y
1− y
]2n−(q+q′)(
1
1− y
)i
≃
(
E sin 2φ
2
)2n(
1
2M cos2 φ
)q+q′
·
q+q′∑
i=0
(
q + q′
i
)
· B
(
a0 + 1,
b+ 1
2
)
Fi (16)
where
b = b0 + nb = b0 − 2n+ (q + q′)− i, (17)
Fi ≡
(
1 +
√∣∣∣∣ b2a0 + b
∣∣∣∣
)i
+
(
1−
√∣∣∣∣ b2a0 + b
∣∣∣∣
)i
(18)
≃
[
(1 + 2CiE sin φ)
i + (1− 2CiE sin φ)i
]
(19)
with
Ci ≡
√∣∣∣∣ 1M21 −M2 + 1− 2n+ (q + q′)− i
∣∣∣∣. (20)
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Fi in Eq.(18) is the high energy limit of the generalized hypergeometric function
3F2
(
b+1
2
,− [ i
2
]
,
1
2
− [ i
2
]
; a0 +
b+3
2
,
1
2
; 1
)
[17]. At this stage, it is crucial to note that
b ≃ b0 ≃ −2a0 (21)
in the high energy limit for the Domain-wall scatterings. As a result, Fi reduces to the form of
Eq.(19), and depends on the energy E. Thus in contrast to the generic Dp-brane scatterings
with p ≥ 0, which contain two independent kinematic variables, there is only one kinematic
variable for the special case of Domain-wall scatterings. As we will see in the following
calculation, this peculiar property will reduce the high energy beta function in Eq.(16) from
exponential to power-law behavior and, simutaneously, breaks down the linear relations as
we had in Eq.(6) for the D-particle scatterings. Another way to see this breakdown is by
examining Eq.(5). One notes that the argument in the paragraph after Eq.(1) for scattering
with two kinematic variables, which leads to Eq.(5), is no longer valid as there is only one
kinematic variable for the Domain-wall scatterings. It thus becomes meaningless to study
high-energy, fixed angle scattering process for the Domain-wall scatterings. Finally, the
scattering amplitude for the (0→ 1) channel can be calculated to be (similar result can be
obtained for the (1→∞) channel)
A
(0→1)
D−Wall
≃
(
E sin 2φ
2
)2n(
1
2M cos2 φ
)q+q′
B
(
a0 + 1,
b0 + 1
2
)
·
q+q′∑
i=0
(
q + q′
i
)
·
(a0)0
(
b0
2
)
nb/2(
a0 +
b0
2
)
nb/2
(1 + 2CiE sinφ)
i (22)
≃
(
cosφ√
2
)2n(
E sinφ
M
√
|M21 − 2M2 − 1| cos2 φ
)q+q′
· Γ(a0 + 1)Γ(
b0+1
2
)
Γ(a0 +
b0
2
+ 3
2
)
1(
M2
1
−M2+1
2
)
−n
(23)
where (α)n ≡ Γ(α+n)Γ(α) for integer n. On the other hand, since the argument of Γ(a0 + 1) in
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Eq.(23) is negative in the high-energy limit, we have, by using Eq.(7) and Eq.(21),
Γ(a0 + 1)Γ(
b0+1
2
)
Γ(a0 +
b0
2
+ 3
2
)
≃ pi
sin (pia0) Γ (−a0)
Γ( b0+1
2
)
Γ(
M2
1
−M2+1
2
)
∼ 1
sin (pia0)
1
(E sin φ)2(n−1)
. (24)
Note that the sin (pia0) factor in the denominator of Eq.(24) gives the Regge-pole structure,
and the energy dependence E−2(n−1) gives the power-law behavior in the high energy limit.
As a result, the scattering amplitude for the Domain-wall in Eq.(23) behaves like power-law
with the Regge-pole structure. The crucial differences between the Domain-wall scatterings
in Eq.(23) and the D-particle scatterings (or any other Dp-brane scatterings except Domain-
wall and D-instanton scatterings) in Eq.(6) is the kinematic relation Eq.(21). For the case
of D-particle scatterings [17], the corresponding factors for both Fi in Eq.(18) and the
fraction in Eq.(22) are independent of energy in the high energy limit, and, as a result, the
amplitudes contain no q + q′ dependent energy power factor. So one gets the high energy
linear relations for the D-particle scattering amplitudes. On the contrary, for the case of
Domain-wall scatterings, both Fi in Eq.(19) and the fraction in Eq.(22) depend on energy
due to the condition Eq.(21). The summation in Eq.(22) is then dominated by the term
i = q + q′, and the whole scattering amplitude Eq.(23) contains a q + q′ dependent energy
power factor. As a result, the usual linear relations for the high energy scattering amplitudes
break down for the Domain-wall scatterings. It is crucial to note that the mechanism,
Eq.(21), to drive the exponential fall-off form factor of the D-particle scatterings to the
power-law one of the Domain-wall scatterings is exactly the same as the mechanism to
break down the expected linear relations for the domain-wall scatterings in the high energy
limit. In conclusion, this result gives a strong evidence that the existence of the infinite linear
relations, or stringy symmetries, of high-energy string scattering amplitudes is responsible
for the softer, exponential fall-off high-energy string scatterings than the power-law field
theory scatterings.
Another interesting case of D-brane scatterings is the massless form factor of scatterings
of D-instanton [15]
Γ(s)Γ(t)
Γ(s+ t+ 1)
→ 1
st
, as s→ 0, (25)
which contains no Regge-pole structure. In Eq.(25), s, t are the Mandelstam variables.
Eq.(25) can be easily generalized to the scatterings of arbitrary massive string states in the
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high energy limit. To compare the D-instanton scatterings with the Domain-wall scatterings
in Eq.(24), one notes that in both cases there is only one kinematic variable and, as a result,
behave as power-law at high energies [19]. On the other hand, since t is large negative in
the high energy limit [11], the application of Eq.(7) to Eq.(25) produces no sin (pia0) factor
in contrast to the Domain-wall scatterings. So there is no Regge-pole structure for the D-
instanton scatterings. We conclude that the very condition of Eq.(21) makes Domain-wall
scatterings an unique example of a hybrid of string and field theory scatterings.
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